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ABSTRACT
NWA  8159  is  an  augite-rich  martian  basalt,  formed  by  cooling  of  a  relatively  evolved,  Ca-rich,
Ti-poor   and   LREE-depleted   lava,   under   relatively   oxidizing   conditions,   during   the   early
Amazonian.  In addition to its distinct igneous petrogenesis and high fO2, NWA 8159 is also set
apart  from  most  martian  shergottites  with  respect  to  the  low  degree  of  shock  metamorphism
required    to    preserve    crystalline    igneous    plagioclase    (An50-65).    In    this    study,    mineral
transformations  within  and  adjacent  to  shock  veins  in  NWA  8159  were  investigated  using
scanning  electron  microscopy,  Raman  spectroscopy  and  transmission  electron  microscopy  to
better  constrain  the  unusal  shock  history  of  this  meteorite.    The  transformation  of  olivine  to
ahrensite  (Fe-ringwoodite)  along  shock  vein  margins,  and  tissintite  and  coesite  formed  from
igneous  mineral  (labradorite  and  silica)  grains  entrained  as  clasts  within  shock  veins  has  been
documented in this study. We report on a previously unidentified mineral assemblage of Ca-Na-
majoritic  garnet,  sodic-clinopyroxene  and  stishovite  crystallized  from  shock  melt.  This  mineral
assemblage  indicates  a  crystallization  pressure  of  approximately  16  GPa,  which  is  within  the
range  of  previous  shock  pressure  estimates  for  this  meteorite  (15–23  GPa).  The  presence  of  a
majoritic  garnet-bearing  assemblage  throughout  veins  up  to  0.6  mm  wide  indicates  that  the
sample  remained  at  high-pressure  throughout  the  melt  vein  quench.  Based  on  thermal  models,
the sample must have remained at high pressure for ~100 ms. This shock duration is an order of
magnitude longer than those experienced by more highly shocked shergottites  such as Tissint or
Zagami  (>30  GPa;  10–20  ms)  and  would  seem  to  imply  a  relatively  large  impact  event.  Recent
numerical  models  demonstrate  that  a  range  of  shock  pressures  and  durations  are  realized  by
rocks within the ejected spall zone of a hypervelocity impact. The shock conditions experienced
by NWA 8159 therefore do not require  an impact event distinct from other shergottites. Rather,
our  findings  suggest  that  this  meteorite  originated  from  near  the  martian  surface  at  the  edge  of
the impact site. The shock history of NWA 8159  provides a picture of Mars consistent with that
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derived from remote observation; that of a random cratering process that samples a geologically 
long-lived and complex planet. 
1. INTRODUCTION 
Hypervelocity impact events deliver meteorites to Earth from the martian near-surface 
(Melosh, 1985). Martian meteorites originate within a “spall zone” – a zone of interference 
between shock waves and rarefactions near the zero-pressure free surface, leading to a large 
inverted pressure gradient, i.e., decreasing pressure with depth. This spall zone comprises solid 
rock that is accelerated to speeds sufficient to exceed the escape velocity of Mars (>5.03 km/s). 
The process of spallation has been studied analytically and numerically (Melosh, 1985; Warren, 
1994; Melosh, 1995; Head et al., 2002; Artemieva and Ivanov, 2004). During the ejection 
process, the rock fragments – some destined to become meteorites – are shock metamorphosed. 
Resultant shock effects may manifest as deformation of host rock minerals including mosaicism, 
mechanical twinning and development of planar fractures in olivine and pyroxene, and / or as 
mineral transformation including amorphization of plagioclase to a diaplectic glass called 
maskelynite. All martian meteorites record shock effects and their study can be used to estimate 
the peak shock pressure, shock temperature, post-shock cooling history and shock pulse duration 
experienced by the rocks (e.g., Langenhorst and Poirier, 2000; Beck et al., 2005, Fritz and 
Greshake, 2009; Walton 2013, Walton et al., 2014 and references therein).  During shock, shear 
zones develop along which small volumes of melt are generated. If the melt crystallizes at high-
pressure, then the mineral assemblage that crystallizes within the shock vein may be used to 
constrain part of the shock-pressure history of the sample (Sharp and DeCarli, 2007). Through 
high-resolution numerical models, shock conditions experienced by meteorites, revealed by 
careful study of shock deformation and transformation effects, can be linked to the resultant 
crater from which they were ejected. The ability to relate martian meteorites to a specific impact 
crater and its source terrain will significantly increase the scientific value of these samples, 
because, at present, they remain the only materials available for direct study using high precision 
instrumentation in Earth-based labs.  
Northwest Africa (NWA) 8159 was found as a single stone weighing 149.83 g, with an 
intergranular texture composed of augite (~48 modal%), plagioclase (~37 %), olivine (~5 %), 
magnetite (~5 %), maghemite (~0.5%) and minor orthopyroxene (1 vol%) (Herd et al., 2017). A 
Sm-Nd age of 2.37 ± 0.5 Ga, its augite-rich mineralogy, distinct bulk composition, and oxygen 
fugacity set NWA 8159 apart from martian shergottite meteorites, aside from recently discovered 
NWA 7635 (Lapen et al., 2017). However, NWA 8159 and NWA 7635 have distinctly different 
182W values (Kruijer et al., 2017) and do not appear to be paired. NWA 8195 is classified as a 
martian (augite basalt) which is defined as a martian meteorite composed of augite-rich basalt; 
not assigned to the shergottite, nakhlite, or chassignite types (Ruzicka et al., 2013).  In addition 
to its igneous petrogenesis, NWA 8159 is also distinct with respect to the degree of shock 
metamorphism recorded in its constituent minerals; igneous plagioclase (An50-65) in the bulk rock 
is crystalline (Herd et al., 2017). This was the first martian meteorite discovered to preserve 
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igneous plagioclase, however, preliminary reports of several shergottites with crystalline 
plagioclase have recently been documented (NWA 4480, Irving et al., 2016; NWA 10416, 
Walton et al., 2016a). Preservation of crystalline feldspar indicates a relatively low bulk shock 
pressure of ~15–23 GPa (Herd et al., 2017), in contrast to complete transformation of plagioclase 
to maskelynite in most shergottites, requiring shock pressures on the order of ~30–45 GPa (Fritz 
et al., 2005).  
Our work builds off the earlier study of Herd et al. (2017), which focused on the igneous 
petrogenesis of NWA 8159 to assess its relationship with shergottites. The report of crystalline 
feldspar preserved in the host rock by Herd et al. (2017), which is rare among the current martian 
meteorite suite, gives merit to a thorough characterization of the shock history of this meteorite 
which may be deduced from the minerals associated with quenched shock melt. In this study, we 
employed an array of advanced analytical techniques including scanning and transmission 
electron microscopy and Raman spectroscopy to characterize the mineralogy associated with 
shock veins in NWA 8159. We report on previously unknown solid-state phase transformations 
in NWA 8159 and the first description of shock melt crystallization products. Thermals models 
and crystal-growth calculations are applied to constrain the post-shock cooling history of NWA 
8159. This advances our understanding of the high-pressure, high-temperature conditions 
induced by a dynamic collision event on a previously unsampled portion of martian crust and 
constrains the size of the source crater.  
 
2. MATERIALS AND METHODS 
 
Two polished samples of NWA 8159 were investigated by transmitted and reflected light 
microscopy. A network of shock veins cuts across igneous minerals, ranging from 20 µm up to 1 
mm apparent width. Detailed microtextures of transformed minerals in the host rock adjacent to, 
and entrained as clasts within, the shock vein as well as the shock vein matrix mineralogy, were 
characterized using a Zeiss EVO MA LaB6 filament scanning electron microscope (SEM) in 
backscattered electron (BSE) imaging mode at the University of Alberta (UAb). BSE images 
were acquired using a Si diode detector under conditions of 20 kV (accelerating voltage) and 7-
10 mm working distance. Major and minor element abundances were measured at UAb using a 
JEOL 8900 electron microprobe (EMP). Analyses on olivine and ahrensite were conducted using 
an accelerating voltage of 15 kV and 10 nA beam current. For small micron-size garnets we 
employed a lower accelerating voltage (10 kV) and longer count time (120 s on peaks); at these 
conditions the fully focused beam size from a conventional W filament is ~100 nm. For an 
average garnet density of 4.0 g/cm
3
 the estimated beam spread in the sample is 0.8 µm, which 
will vary slightly depending on the energy of the X-ray analyzed. The estimated analytical 
volume is therefore ~1 µm.  Natural minerals were used as standards. Forsterite (Si), garnet (Al), 
rutile (Ti), chromite (Cr), fayalite (Fe), rhodonite (Mn), forsterite (Mg), diopside (Ca), albite 
(Na), sanidine (K), apatite (P), sphalerite (S) and nickel metal (Ni) were used as mineral 
standards for olivine and ahrensite; garnet (Si, Al, Mg), rutile (Ti), chromite (Cr), fayalite (Fe), 
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rhodonite (Mn), diopside (Ca), albite (Na), sanidine (K), apatite (P), sphalerite (S) and nickel 
metal (Ni) were used as mineral standards for garnet. Matrix, absorption, stopping power and 
fluorescence corrections were conducted by the ZAF procedure. The excel spreadsheet of 
Locock (2008) and Grew et al. (2013) was used to recast chemical analysis of garnets into end 
member components and to derive chemical formulas following IMA recommendations. 
Detection limits at the 99% confidence level are as follows: SiO2 (0.01 wt%), Al2O3 (0.02 wt%), 
TiO2 (0.02 wt%), Cr2O3 (0.03 wt%), FeO (0.02 wt%), MgO (0.02 wt%), MnO (0.02 wt%), CaO 
(0.01 wt%), P2O5 (0.02 wt%), Na2O (0.01 wt%), NiO (0.03 wt%) and K2O (0.02 wt%). 
High-pressure minerals were identified by Raman spectroscopy using a Bruker SENTERRA 
micro-Raman instrument at MacEwan University. The 100X objective of a petrographic 
microscope was used to focus the excitation laser beam (532 nm laser) to a focal spot size of ~1 
µm. A sequence of two-10 s exposures, acquired using a laser power of 10 mW, was then 
summed to achieve the final spectrum. Backgrounds of the spectra were graphically reduced 
using the OPUS v. 6.5 spectroscopy software. Four regions of interest identified in SEM images 
were selected for focused-ion-beam (FIB) sectioning for Transmission Electron Microscopy 
(TEM) analysis. FIB lift-out was performed using a FEI Nova 200 NanoLab in the LeRoy-
Eyring Center for Solid Sate Science (LE-CSSS) at Arizona State University (ASU). A gallium 
ion beam was accelerated to 30 kV during sputtering of the slices. The FIB sections were 
approximately 100 nm in thickness. Analytical TEM was performed on the FIB sections using a 
FEI CM200-FEG and an FEI Techni 200-FEG in the LE-CSSS at ASU. Energy Dispersive X-
ray (EDX) analyses were performed with an EMiSpec analytical system on the CM200. TEM 
EDX-determined wt% oxide abundances were normalized to 100. Analyses were quantified with 
the EMiSpec system using system generated Cliff-Lorimer k factors. No absorption or 
fluorescence corrections were applied. Nanometer scale mineralogy was determined using a 
combination of imaging, selected area electron diffraction (SAED), convergent beam electron 
diffraction (CBED) and EDX analysis.  
Numerical methods were employed to model the shock vein cooling history to constrain 
shock duration or dwell time, defined as the time that elapses between the arrival of the shock 
front and that of the release or rarefaction wave. For a shock vein that crystallizes at high-
pressure, the time required for the vein to reach the solidus provides a minimum estimate of the 
amount of time that the sample remained at high pressure, and therefore a minimum estimate of 
shock duration (Xie et al., 2006; Shaw and Walton, 2013; Sharp et al., 2015) We used a finite 
element heat transfer (FEHT) code to calculate cooling histories of shock melt and the 
surrounding host rock as a function of starting temperature and vein thickness. It should be noted 
that vein width (600  m) is measured in the two dimensions of the thin section and is therefore 
an apparent width. The 1-D simulation is set in the Cartesian coordinates to represent heat 
conduction from planar 3-D melt. The FEHT software has specific setup for cylindrical problem 
that were not applied to our models.  
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3. RESULTS 
 
3.1 Shock effects in the igneous host rock 
 
The igneous texture of the studied samples is intergranular, comprising plagioclase, augite, 
olivine, orthopyroxene and magnetite, with a grain size generally between 100–200 μm (Fig. 1). 
Olivine and pyroxene in the host rock exhibit irregular fractures and extinction varies from 
undulose to weak mosaicism. Planar fractures are developed in olivine, with up to 3 sets of 
closely spaced (1–5 μm) fractures with distinct orientations observed in a single grain. 
Polysynthetic mechanical twin lamellae, attributed to shock, are present in some pyroxene 
grains. Consistent with previous reports (Herd et al., 2017), plagioclase in the host rock, far from 
regions of local shock melting, is anisotropic (crystalline) with typical albite polysynthetic 
twinning and cleavage characteristic of igneous plagioclase.  
 
3.2 Mineral transformations associated with shock veins 
 
The igneous texture is cut across and displaced by a network of opaque shock veins 
containing entrained mineral and lithic fragments (Fig. 2). At the shock vein margin, olivine is 
partially transformed to ahrensite (Fe2SiO4-rich ringwoodite; Ma et al., 2016a). EMP WDS 
analyses show this phase to be enriched in iron (Fa73.1-74.5) compared to adjacent olivine (Fa66.6-
67.1) (Table 1). This compositional difference between olivine and ahrensite is observed as a 
difference in brightness in BSE imaging mode (Fig. 2b). Ahrensite was confirmed by peak 
positions in the Raman spectrum – igneous olivine shows sharp peaks at 816 cm-1 and 841 cm-1, 
characteristic of crystalline olivine (Fig. 3). These peaks positions are distinct from those of 
ahrensite at 672 cm
-1
, 782 cm
-1
 and 841 cm
-1 
(Fig. 3), and are due to antisymmetric (T2g) and 
symmetric (A1g) stretching vibrations of the isolated SiO4 tetrahedra (Chopelas et al., 1994). The 
Raman spectrum of ahrensite contains additional broad, high amplitude peaks at 118 cm
-1
 and 
202 cm
-1
.  
Plagioclase transformation, like olivine, is restricted to areas where former igneous grains are 
in contact with the now crystallized shock melt (Fig. 2c). Within a zone ~20–300 µm distant 
from shock veins, plagioclase forms smooth and unfractured amorphous grains which preserve 
the original grain boundaries of the igneous precursor. Within a thin zone (10–40 µm) in direct 
contact with the shock vein margin, amorphous plagioclase has transformed to tissintite (Fig. 
2c), a shock-induced pyroxene with plagioclase composition, (Ca,Na,□)AlSi2O6, first discovered 
in the depleted picritic shergottite Tissint (Ma et al., 2015). In addition to this tissintite 
occurrence, identical to that reported by Herd et al. (2017), we note two previously unidentified 
occurrences of tissintite in NWA 8159: 1) as rounded clasts of transformed plagioclase (formerly 
single crystals) entrained within the shock vein (Fig. 2d), and 2) within lithic basaltic clasts 
entrained within the shock vein containing plagioclase and silica-rich igneous mesostasis. Raman 
spectra acquired from these latter regions are consistent with a mixture of coesite (520 cm
-1
) 
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formed from mesostasis silica and tissintite (690 and 1100 cm
-1
) formed from plagioclase (Fig. 
3). 
 
3.3 Mineralogy and composition of the shock vein matrix  
 
The shock vein matrix has a granular texture with fine-grained margins and increasing crystal 
size toward vein centers. BSE images show the dominant silicate phase forms large poikilitic 
grains. In the vein center these poikilitic grains are accompanied by blocky silicate crystals and 
small bright spheres (Fig. 4). Raman spectra, collected as single spot analyses on several 
individual areas of the shock vein, suggest an intimate mixture of several phases including garnet 
+ pyroxene + coesite + Fe-sulfide (Fig. 3). Coesite was distinguished by a high amplitude peak 
at ~525 cm
-1
 (Gillet et al., 1990), whereas garnet was identified by two peaks centered over 664 
cm
-1
 and 910 cm
-1 
(Rauch et al., 1996), and pyroxene by a characteristic doublet near 662 cm
-1
 
and 1008 cm
-1
 (Wang et al., 2001). EMP analyses of the largest granular grains to crystallize 
within the vein show that they are almandine-rich garnet with an average general formula 
(Fe1.661Ca0.788Na0.262Mg0.229Mn0.036)∑2.976(Al1.167Si0.538Mg0.259Ti0.03Cr0.007)∑2.001Si3O12  (Table 1). 
The sodium content of these crystals ranges from 1.27─2.28 wt% Na2O. Excess silicon, 0.538 
per formula unit, corresponds to a 54% majoritic component (Grew et al., 2013).  
 
3.2 Transmission electron microscopy  
 
Four FIB sections were acquired from areas within and adjacent to NWA 8159 shock veins 
(Fig. 4). FIB 1 was extracted from ahrensite into the fine-grained margin of the shock vein (Fig. 
5). FIBs 2 and 3 were taken in the center of a wider portion of the vein; FIB 2 targeted two large 
poikilitic garnet grains (Fig. 6) and FIB 3 sampled larger poikilitic crystals and smaller blocky 
grains (Fig. 7). FIB 4 was extracted as a transect from olivine through a bright rim consisting of 
light and dark areas in BSE images (Fig. 8e). TEM bright field images and SAED patterns 
collected from FIB 1 confirm the formation of ahrensite from olivine in those grains in direct 
contact with now-crystallized shock melt (Fig. 2b, 5a). The shock vein margin is composed of a 
mixture of majoritic garnet and stishovite as the dominant mineral assemblage within the fine-
grained vein edge (Fig. 5b-d). Garnets range from 200-nm equant crystals to 1-µm poikilitic 
crystals. The average chemical formula for these majoritic garnets from TEM EDX measurement 
is (Fe1.64Ca0.83Na0.34Mg0.15Mn0.04)(Al1.31Si0.38Mg0.27Ti0.04)Si3O12; they are Na-rich almandine-
grossular garnets with ~38% majoritic component. Stishovite occurs as tetragonal prisms around 
smaller garnets (Fig. 5a-c). The average formula for the stishovite from TEM EDX is Si0.96 
Al0.04Fe0.01O2. FIB sections across the central region of a 0.6-mm thick shock vein (FIBs 2 and 3) 
show different assemblage from that observed at the fine-grained margin, comprising majoritic 
garnet, clinopyroxene, stishovite and silicate glass, along with Fe-sulfide (Fig. 7). The garnets 
are also poikilitic, like those observed in FIB 1 (Fig. 5d) at the shock vein margin, with abundant 
silicate glass (amorphous) and rod-shaped stishovite inclusions (Fig. 6; Fig. 7a, b). Diffuse rings 
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in SAED patterns identified amorphous inclusions, while stishovite was identified based on 
morphology and indexed convergent-beam electron diffraction (CBED) patterns (Fig. 5b, 7b). 
Semi-quantitative TEM EDX analyses acquired on these garnets indicate they are Na-rich 
almandine-grossular garnets with ~36% majoritic component: (Fe1.54Ca0.90Na0.36Mg0.26Mn0.04) 
(Al1.30Mg0.36Si0.36)Si3O12. This chemical composition is close to that obtained by EMP analysis; 
both showing excess silicon and significant amounts of sodium (Table 1). The pyroxene was 
identified as a solid solution between jadeite and hedenbergite with an average chemical 
formula: (Na0.43Ca0.32Fe0.25)(Fe0.51Mg0.16Al0.33)Si2.03O6, based on EDX analyses. EDX on 
stishovite crystals show they are nearly pure SiO2, with trace Fe (0.04 atoms per formula unit, 
apfu) and Al (0.04 apfu). FIB 4 reveal the bright rim surrounding olivine to be composed of 
magnetite and clinoenstatite (Fig. 8a-d), consistent with peaks in the Raman spectrum acquired 
from this region (Fig. 3).  
 
 
4. DISCUSSION 
 
4.1 Shock effects in the bulk rock 
 
Shock deformation in non-shock veined regions of the host rock is consistent with low to 
moderate degrees of shock metamorphism, estimated to be ~15–23 GPa by Herd et al. (2017). 
This shock pressure estimate was based on shock deformation in olivine (mosaicism, planar 
fractures) and pyroxene (mosaicism, mechanical twinning), and the partial transformation of 
plagioclase (An50-65) to maskelynite. Our results on shock deformation in the bulk rock agree 
with low levels of shock experienced by NWA 8159. In our study, the Raman spectrum from 
olivine shows sharp peaks characteristic of well-crystalline material (Fig. 3). Additional features 
in the Raman spectrum documented from olivine in strongly shocked martian meteorites NWA 
2737 and NWA 1950 (van de Moortèle et al., 2007), are notably absent in NWA 8159. We have 
not observed broadening of peaks, characteristic of highly disordered olivine crystals, or the 
presence a weak peak at 760 cm
-1
, characteristic of defects. Similarly, we see no additional broad 
bands at 650 and 686 cm
-1
 to suggest the presence of the shock-produced ζ-(Mg,Fe)2SiO4 olivine 
polymorph (van de Moortèle et al., 2007).  
 
4.4 Localized mineral transformations 
 
In NWA 8195, plagioclase transformation, like the ahrensite formed from olivine, is 
associated with shock veins. A transition from crystalline igneous plagioclase to maskelynite and 
finally tissintite is observed within the host rock, as the margin of the shock vein is approached 
(Fig. 2c). The coexistence of crystalline plagioclase and maskelynite, a shock-produced 
diaplectic glass of plagioclase composition, in NWA 8195 is rare amongst most other martian 
basalts where igneous plagioclase has been completely transformed to diaplectic glasses or 
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normal vesiculated glass (Fritz et al., 2005). Here, we explore how these transformations 
constrain the shock pressure experienced by NWA 8159. Partial transformation of labradoritic 
plagioclase to maskelynite at elevated temperature requires shock pressure 15─20 GPa (Daniel et 
al., 1997; Kubo et al., 2009). The localized transformation of olivine to ahrensite at shock vein 
margins was confirmed by peak positions in the Raman spectrum (Fig. 3). Strong low frequency 
peaks near 118 cm
-1
 and 202 cm
-1
 may be associated with localized modes generated by Fe 
substitution (Fe
2+
, Fe
3+
), which explains their absence in pure Mg2SiO4-ringwoodite (Kleppe et 
al., 2002). Composition determined from electron microprobe spot analyses on ahrensite and 
adjacent olivine show that ahrensite is richer in iron. This same iron-enrichment has been noted 
for high-pressure olivine polymorphs in other meteorites (e.g., Ohtani et al., 2004; Walton, 2013) 
and attributed to Fe-Mg exchange during transformation and therefore diffusion-controlled 
growth. Diffusion kinetics are enhanced by high temperatures, small grain sizes, high strain rates 
and numerous defect sites within highly deformed minerals. The transformation of fayalitic 
olivine (Fa75) to ahrensite does not provide tight constraints on the shock pressure, because the 
transformation can occur under any conditions where anhensite has a lower free energy than 
Fa75-olivine. Based on the phase diagram for 1600°C (Fei and Bertka, 1991), the olivine-
ahrensite transformation indicates a minimum pressure of ~10 GPa (Fig. 10a). Above 18 GPa, 
magnesiowüstite plus stishovite are stable relative to ahrensite, but this may not provide an upper 
bound on pressure because the diffusion controlled reaction to magnesiowüstite plus stishovite is 
kinetically inhibited, except at very high temperatures. Ahrensite found in Tissint (Ma et al. 
2016) indicate that it can persist to pressures estimated to be 19 to 30 GPa (Walton et al, 2014).  
The presence of ahrensite is consistent with shock pressure estimates from the partial 
transformation of plagioclase (An50-65) to maskelynite (~15–23 GPa; this study, Herd et al., 
2017).  
FIB 4 targeted a bright rim (in BSE images) mantling olivine adjacent to the shock vein. 
Similar textures described from the Tissint shergottite were shown by TEM to represent the 
breakdown of olivine to bridgmanite and magnesiowüstite (Fig. 8e) (Walton et al. 2014). 
However, the olivine rim in NWA 8159 is composed of low-Ca pyroxene (clinoenstatite) + 
magnetite, the former corresponding to darker areas in BSE images and the latter to bright 
grains. This assemblage and texture is identical to a pyroxene + magnetite symplectic 
intergrowth described by Herd et al. (2017) and attributed to subsolidus reaction of olivine under 
fO2 condition slightly above QFM. Therefore, this intergrowth is attributable to an igneous 
process but not to shock.  
Offset and displacement of igneous minerals along shock vein margins indicates a shear and 
friction-induced mechanism for their origin and growth (Fig. 2). Shock veins represent local hot 
spots (2000─2500 oC) compared to the host rock where the temperature increase by shock 
compression is limited to a few hundred degrees (Sharp and DeCarli, 2006). Shock veins, once 
formed, cool by conduction of heat to the surrounding host rock (Shaw and Walton, 2013). The 
spatial distribution therefore reflects temperature variations within the rock and demonstrates 
that plagioclase transformation depends not only on the shock pressure but also on the amount of 
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heat available to drive phase transformations. The non-hydrostatic stress condition experienced 
by minerals along shock vein margins is also likely a factor driving phase transformation (Daniel 
et al., 1997). This association between high-pressure, high-temperature phases and shock veins is 
well documented from chondritic and achondritic meteorites (e.g. Langenhorst and Poirier, 2000; 
Sharp and DeCarli, 2006; Walton et al., 2014; Walton and McCarthy, 2017), and rocks from 
terrestrial impact structures (Stähle et al., 2011). 
 
4.3 Shock vein crystallization products and constraints on pressure 
 
NWA 8159 contains several mm-thick shock veins that have crystallized to a fine-grained 
granular mixture of silicate and minor sulfide. Raman spectra collected from the vein matrix 
(Fig. 3) and SAED patterns collected from two TEM FIB sections (Fig. 4) confirm that garnet is 
the dominant mineral to have crystallized from the shock melt. These equant, euhedral 1–2  m 
size garnet grains form under conditions of very rapid quench and therefore rapid crystal growth 
rates. These growth rates, and resulting textures, are quite different from those seen in 
equilibrated high-pressure experiments, but are texturally similar to the quenched liquids in 
multi-anvil experiments (e.g., Tr nnes and Frost, 2002). However, the garnets in the natural 
sample crystallized in a melt under rapidly decreasing temperature and therefore formed far from 
equilibrium, resulting in a large  G of reaction to drive garnet growth. The growth of laboratory-
produced equilibrated garnets therefore cannot be compared to those in a natural shock vein. We 
consider the quench rate of the shock vein in NWA 8159 in section 4.4. 
The composition of garnet was constrained using EMP wavelength dispersive spectrometry 
(WDS) and TEM energy dispersive X-ray spectrometry (EDX) analysis techniques. The 
advantage of the TEM EDX analyses over the more quantitative EMP WDS analyses is that the 
small spot size of the TEM, combined with the thin-film sample geometry, results in a very small 
excitation volume, limiting any spurious X-rays from inclusions. The calculated formulas from 
both methods are slightly different owing to the larger sampling volume using wavelength 
dispersive spectrometry; however, both EDX and WDS analyses indicate that these almandine 
garnets have a significant majoritic component (36–54%) and contain sodium (0.34─0.37 atoms 
Na per formula unit). Sodium-enriched garnets (wt% oxide) have been reported in high-pressure 
experiments (e.g., Ringwood and Major, 1971; Gasparik, 1989) and natural occurrences (e.g., 
Schertle et al., 1991). Likewise, excess silicon in garnet, up to 0.54 Si cations per X3Y2Z3O12 
formula unit, is accommodated within octahedral sites, similar to Si
4+ 
in stishovite, at high 
pressure (Ringwood and Major, 1971; Smith and Mason, 1970). The composition of these 
garnets crystallized from shock melts in NWA 8159 therefore indicates melt crystallization at 
high pressure. The first occurrence of high-pressure almandine has been reported by Ma and 
Tschauner (2016) in the Shergotty martian meteorite, where it crystallized with stishovite in a 
shock melt pocket.  
The shock-vein assemblages also provide constraints on the shock pressure when combined 
with experimental high-pressure melting relations (Chen et al., 1996; Sharp and DeCarli, 2006). 
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The shock-vein margins have an assemblage of majoritic-garnet plus stishovite (Fig. 5b-d), 
whereas the vein centers have an assemblage of majoritic-garnet + clinopyroxene + stishovite 
(Fig. 2d, Fig. 7). The Na
+
 content of the clinopyroxene is charge balanced by 0.33 pfu Al
3+
 and 
0.10 pfu Fe
3+ 
(aegirine).  This aegirine component is consistent with high-pressure 
crystallization. Based on the phase relations for MORB at 2300 K (Hirose et al., 1998), majorite 
+ stishovite at the shock vein margin implies a starting crystallization pressure between 16 and 
22 GPa, while the majoritic garnet + pyroxene + stishovite assemblage defining the vein center 
implies P <16 GPa (Fig. 10b). This pressure difference can be reconciled by considering quench 
rates. The margin quenches rapidly by conduction of heat to the colder host rock, preserving the 
early history of vein crystallization. The vein center quenches more slowly and records the 
crystallization later in the shock pulse. Therefore, we infer that the peak shock pressure was >16 
GPa when the vein edge crystallized and it dropped to below 16 GPa during the 100 ms between 
vein edge and center crystallization (Fig. 9).  
The melt-crystallization pressure matches well with the shock pressure required for partial 
amorphization of labradorite-composition plagioclase (15─23 GPa; Herd et al., 2017; this study) 
and with formation of ahrensite from olivine at shock vein margins (up to 18 GPa; Fig. 10a). 
This shock pressure estimate is lower than those of most other martian basalts (shergottites) such 
as Zagami (30 GPa; Langenhorst and Poirier, 2000), Shergotty (29 GPa; Stöffler et al., 1986), 
Dar al Gani 476 (40─45 GPa; Fritz et al., 2005), NWA 4797 (>45 GPa; Walton et al., 2012) and 
Tissint (>19 GPa, <30 GPa; Walton et al., 2014), in which the shock pressure has been estimated 
by the complete transformation of labradoritic plagioclase to maskelynite. A shock pressure 
estimate of ~16 GPa, based on shock vein crystallization assemblages in this study, is consistent 
with the preservation of crystalline plagioclase in NWA 8159 (Fritz et al., 2005). 
 
4.4 Thermal modeling of shock vein quench time: constraints on shock duration 
 
In NWA 8159, the crystallization of majoritic garnet throughout a 600- m wide shock vein is 
evidence that the melt crystallized during the shock pulse and suggests a relatively long shock 
pulse duration and rapid quench of the shock melt. To model the shock vein cooling history as a 
function of starting temperature and vein thickness, and to constrain the shock pulse duration 
experienced by NWA 8159, we have employed a finite element heat transfer (FEHT) code. 
In our one-dimensional model, a shock vein of 600 µm thickness is enclosed in 9 mm of host 
rock, with 4.5 mm on each side. A shock pressure of 16 GPa is assumed for NWA 8159, which 
is within the range of estimates (15–23 GPa) based on plagioclase by Herd et al. (2017). The 
starting temperature of the melt is 2500 K, constrained by the liquidus temperature of 2400 K for 
mid-ocean ridge basalt (MORB) at 16 GPa (Hirose et al., 1999). The bulk temperature of the 
host rock, 600 K, is the temperature for a 16 GPa shock pressure on the Hugoniot of Kinosaki 
basalt, appropriate for an analogue of NWA 8159 (~5% porosity; Nakazawa et al., 1997; Sekine 
et al., 2008). The technique for calculating the shock temperature by integration along the 
Hugoniot is introduced in McQueen (1989) and Gillet and El Goresy (2013).  
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For the modeling, the finite element heat transfer (FEHT) software was employed to 
calculate transient heat flow from the shock vein to the surrounding igneous host rock. The 
governing equation of the finite element analysis is:  
 
  
  
  
  
  
 
  
  
  
  
    
  
  
   
where x and y are distance in two dimensions, T is temperature [K], k is thermal conductivity 
[Wm
-1
K
-1], ρ is density [kgm-3], c is heat capacity [kJkg-1K-1] and t is time [s]. The density of 
basalt at 16 GPa from static and shock experiments is consistently around 3500 kg/m
3
. The 
isobaric heat capacity, CP, of basalt is extrapolated to the high-pressure solidus temperature from 
low-pressure data (Boufihd et al., 2007; Miao et al., 2014). The values of CP are 730 to 1400 
J/kg·K for 300 to 2300 K. The latent heat and heat capacity for basaltic melt is 658 kJ/kg and 
1600 J/kg·K, from melting calorimetry experiments (Lange et al., 1994). The latent heat is 
uniformly distributed between the solidus (2300 K) and liquidus (2400 K) temperatures in our 
model. The bulk composition of NWA 8159 is 10 wt% richer in FeO than representative 
terrestrial basalt (Herd et al. 2017), leading to slight overestimate of the heat capacity (Lange and 
Navrotsky, 1992). The high-pressure effect also introduces uncertainties in the heat capacity. 
Limited data on olivine and diopside suggest that the pressure derivative ∂CP/ ∂P is 
approximately in the range of -1 to -3 J/kg·K·GPa (Osako et al., 2004; Wang et al., 2014). 
Therefore, we infer that the heat capacity of basalt at 16 GPa shock pressure is less than 5% 
percent different from the experimental data we used. The thermal conductivity, however, 
changes significantly with pressure because of the compression of the material. At ambient 
pressure, the thermal conductivity of basalt for 300 to 1200 K is in the range of 2.4 to 1.5 
W/m·K. Although mafic minerals in NWA 8159, such as olivine, generally have higher thermal 
conductivity (Hofmeister et al., 1999; Osako et al., 2004), the number for basaltic rock is mostly 
constrained by calcic plagioclase (Clauser and Huenges, 1995). The pressure effect on thermal 
conductivity is commonly fitted to an exponential function k(P,T)=k(1 Bar,T)·e
aP
 , where P is 
pressure in GPa and a is a fitting factor. The factor a for rock-forming minerals are in the range 
of 0.01 to 0.1 (Hofmeister et al., 1999; Osako et al. 2004). Since the data for plagioclase is not 
available, we used 0.03 of calcic pyroxene as the best approximation for factor a (Wang et al. 
2014). As a consequence, the calculated high-pressure thermal conductivity for basalt and melt is 
4.1 to 2.3 W/m·K. 
Our heat transfer model indicates that the center of the 0.6 mm thick shock melt vein 
quenches to the high-pressure solidus (2300 K) in ~100 ms after the vein formation (Fig. 9). The 
crystallization of majoritic garnet throughout the melt vein, requires that the pressure remained 
high for the entire 100 ms solidification time, which provides a constraint for the duration of the 
shock pulse. Based on the crystallization assemblage, the edge (within 20 µm from the melt-host 
boundary) of the vein, consisting of majoritic garnet plus stishovite, may have a higher 
crystallization pressure than the vein interior with additional clinopyroxene. Since the boundary 
solidifies within 10 ms (Fig. 9), it appears that the shock pressure slightly decreased between 10 
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and 100 ms. Heat transfer in our model is based on conduction through both melt and 
surrounding host rock, although turbulence in the shock melt would enhance heat transfer within 
the melt (Tschauner et al., 2009). Turbulence is likely in shock veins that contain materials with 
significantly different shock impedance and particle velocities, such as immiscible silicate and 
metal-sulfide melts. Because the shock melt vein of NWA 8159 is predominantly silicate, with 
very little sulfide (Fig. 2), we conclude that the shock-induced turbulence is unlikely to be a 
major factor in transferring heat out of the shock melt in NWA 8159. The heat content of the 
shock melt and the efficiency of heat transfer are the most important factors for determining melt 
quench rates. The high-pressure melt has much higher energy density than the host rock, making 
the volume of melt and melt/host ratio the predominant factors for the cooling history of the 
melt-vein center (Hu and Sharp 2017). Even if turbulence enhances heat transfer within the melt, 
heat transfer through the solid host is the bottleneck for dissipating melt-vein heat.  
Host rock near the edge of the shock vein is significantly heated by conduction from adjacent 
shock melt. Mineral grains in the host rock within a distance of 5 µm from the vein margin can 
reach temperatures 1700 K. This is in contrast to minerals more distant from the vein margin (50 
µm) where temperatures are significantly lower, on the order of 1400 K. This zone of host rock 
near the edge of shock vein that is heated by conduction from the shock vein corresponds to the 
same zone in which the transformation of plagioclase to maskelynite and tissintite, and olivine to 
ahrensite is documented (Fig. 2). Our model shows that the peak temperature of the host is a 
function of its distance to the shock melt boundary. Within 5 µm from the melt vein, the host 
mineral grains can reach 1700 K (Fig. 9) and experience rapid transformation to their high-
pressure polymorphs (Fig. 2). For host rock 50 µm from the melt, the 1400 K peak temperature 
(Fig. 9) is not sufficient to enable reconstructive transformation within the 100 ms high-pressure 
pulse (e.g. Kerschhofer et al., 2000; Xie and Sharp, 2007). This association between the 
quenched products of shock-melting and high-pressure minerals has been well-documented from 
meteorites and terrestrial impact structures (this study; Xie and Sharp, 2007; Walton et al., 2014; 
Ma et al., 2016b; Walton et al. 2016b).  Nevertheless, the 1000–1400 K peak temperature 
experienced by the host rock in this zone still enhances the amorphization of plagioclase (Kubo 
et al. 2010), though the latter transformation may also be governed by shear stresses experienced 
by host rock minerals along the shock vein margin, in addition to elevated temperature and 
pressure (Daniel et al. 1997).   
4.5 Shock duration estimates from garnet and ahrensite growth rates 
 
The grain sizes and growth rates of high-pressure minerals provide supportive constraints for 
estimating shock duration (Xie and Sharp, 2007; Ma et al., 2016). Ma et al. (2016) calculated the 
correlations between shock pulse, grain size and temperature for ahrensite transformation in 
Tissint, using the grain-growth kinetic data for the olivine-ringwoodite transformation (Liu et al., 
1998; Kerschhofer et al., 2000). TEM investigation indicates the grain size of ahrensite adjacent 
to the melt vein in NWA 8159 is up to 300 nm (Fig. 5), indicating up to 150 nm of grain growth 
during shock. Using the grain size analysis of Ma et al. (2016), 150 nm of grain growth in 100 
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ms requires a temperature of approximately 1550 K. This is consistent with the observation that 
ahrensite transformation only occur in host rock at distance less than 50 µm from the melt (Fig. 
2) and with our thermal models (Fig. 9). A distance of 50 µm from the melt vein is where the 
peak temperature in the host rock remains below 1400 K (Fig. 9). At greater distance from the 
melt, the peak temperature is too low to enable the high-pressure transformation.   
4.6 NWA 8159 impact history 
 
The shock pulse duration of martian meteorites has been estimated using different approaches 
including ringwoodite-growth kinetics, diffusion and shock-melt quench to be ~10 ms (Beck et 
al., 2005), ~10 ms (Fritz and Greshake, 2009), ~1 s (Baziotis et al., 2013), ~10─20 ms (Walton 
et al., 2014) and ~1–10 ms (Ma et al., 2016a). The large ringwoodite grains observed by Baziotis 
et al., (2013), used to infer a long (1 s) shock pulse duration for Tissint, were later shown by 
TEM, electron back-scattered diffraction and BSE imaging to be polycrystalline (Walton et al., 
2014; Ma et al., 2016a). Therefore, this long shock duration (1 s) can be disregarded, and the 
shock pulse duration for martian meteorites is on the order of 1─20 ms. A shock pulse duration 
of 100 ms for NWA 8159 is therefore an order of magnitude longer than that of other 
shergottites. This observation, coupled with the preservation of crystalline plagioclase in NWA 
8159, calls for a unique impact scenario for NWA 8159 compared to the current collection of 
martian basalts. High spatial resolution numerical models of meteorite-producing impact events 
on Mars have shown that the pressure experienced by target rocks and shock duration, τ, depends 
not only on impactor size, but also on the location of the sample relative to the impact site 
(Bowling et al., 2015). Lines of equal pressure and lines of equal shock duration have different 
spatial orientations, therefore rocks subjected to a given shock pressure can experience different 
shock durations. For a 10-km impactor, near-surface rocks subjected to the peak pressures 
estimated for NWA 8159 in this study and by Herd et al. 2017 (15–20 GPa) experience dwell 
times of 1─2 seconds, an order of magnitude longer than our estimate of shock duration. In 
contrast, a 1 km impactor can eject rocks at moderate shock pressure (15─20 GPa) that 
experience a shock duration of 100 ms.  This latter scenario accounts for the shock conditions 
experienced by NWA 8159. 
The ejection age of NWA 8159, calculated from the sum of its cosmic ray exposure age and 
terrestrial age, is 1.2   0.1 Ma (Herd et al., 2017). This ejection age is, within error, in the range 
of those from other shergottites, notably that of the Tissint meteorite fall, with a CRE age from 
3
He, 
21
Ne and 
38
Ar of 1.2  0.4, 0.6                 0.4 Ma, respectively (Chennaoui 
Aoudjehane et al., 2012). This suggests that NWA 8159 may belong to a group of ~12 depleted 
shergottites having an ejection age of ~1.1 Ma (Wieler et al., 2016; Lapen et al., 2017). The 
higher shock pressures (>20 GPa) and shorter shock duration (~10–20 ms) experienced by other 
shergottites suggest that they originated closer to the point of impact, but do not require 
appreciably different ejection conditions than NWA 8159. Therefore, all of these samples were 
possibly ejected during a single impact event, but from appreciably different locations relative to 
the point of impact. This is consistent with the distinct petrography and age of NWA 8159.  
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5. SUMMARY AND CONCLUSIONS  
 
 Augite basaltic shergottite NWA 8159 is a ~2.37 Ga sample of the martian Amazonian crust. 
In addition to a distinct age and igneous petrogenesis, this meteorite also exhibits a unique shock 
history, characterized by low levels of shock preserving crystalline igneous plagioclase. Detailed 
characterization of mineral transformation within and adjacent to localized small volumes of 
shock melt have been conducted as part of this study using Raman spectroscopy and 
transmission electron microscopy. We report a new occurrence of tissintite as former plagioclase 
entrained as mineral clasts within shock veins as well as coesite. Fayalite-rich olivine in direct 
contact with shock melt has been transformed to ahrensite (Fe-ringwoodite) at pressures ~10–18 
GPa. Within the shock vein, an assemblage of majoritic garnet + stishovite has crystallized from 
rapidly quenched vein margins. The center of thicker shock veins, up to 0.6 mm width, exhibit a 
distinct assemblage of majoritic garnet + stishovite + clinopyroxene. Based on these assemblages 
a peak shock pressure of 16–18 GPa is estimated for crystallization of the shock vein. Thermal 
conduction models constrain the duration of high-pressure crystallization to have been ~100 ms; 
compared to other shergottites with shock duration on the order of 10–20 ms. Numerical models 
of impact ejection from Mars show this relatively long shock duration and modest shock pressure 
are consistent with ejection from a single impact event with other highly-shocked shergottites, 
albeit from different locations from the point of impact. Strongly shocked shergottites (>30 GPa) 
that experience a short shock duration (10–20 ms) original closer to the point of impact 
compared to NWA 8159.    
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Figures and table captions 
 
Figure 1. Plane light overview of a thin section investigated in this study, showing irregular 
shock veins (arrows) embedded in a groundmass of transparent crystalline plagioclase, brown 
pyroxene and opaque olivine + magnetite assemblages.  
Figure 2. SEM back-scattered electron (BSE) images of the shock vein investigated in this 
study. (A) Mosaic of three BSE images, providing an overview of a shock vein with maximum 
width of ~600 μm. White rectangles indicate the location of BSE images B-D.  (B) Higher 
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magnification image of ahrensite formed from olivine at the shock vein margin. A thick calcite-
filled fracture cuts across the shock vein and host rock, and is clearly terrestrial in origin. 
Maskelynite in the vicinity of the shock vein forms smooth, unfractured crystals (Am-Pl). (C) A 
higher magnification image of the host-rock / shock-vein contact tissintite as a tranformation 
product of plagioclase in direct contact with the now-crystallized shock melt and as clasts 
entrained within the vein (the latter shown in D). (E) Olivine near to the shock veins with a 
bright, mottled rim, shown as a higher magnification BSE image in Fig. 4. The rim is composed 
of two phases, identified by Raman and TEM to be clinoenstatite + magnetite. (E) A lithic clast 
entrained in the shock vein contains tissintite and coesite (Coes). Pyroxene (Px) is untranformed. 
(G) BSE image of the shock vein interior composed of poikilitic garnet crystals and blocky 
pyroxene. Several bright blebs of Fe-sulphides are also visible in this image.  
 
Figure 3. Raman spectra taken from areas within the shock vein (left) and olivine transformation 
products along shock vein margins (right).  
 
Figure 4. Focused Ion Beam (FIB) lift out locations superimposed on BSE images within and 
surrounding the shock vein. See text for details.  
 
Figure 5. Bright-field TEM images of FIB 1. (a) 200–300 nm size ahrensite crystals formed 
from olivine in contact with the quench-crystallized shock melt. Stacking faults on {110} are 
visible in several grains. (b) Garnets intergrown with tetragonal (square) prismatic crystals from 
near the shock vein margin. Inset CBED pattern of the stishovite [001] zone axis. The irregular 
shapes of the diffraction discs represent the shape of the residual diffracting core of the damaged 
crystal. Bright-field TEM image (c) of a rectangular crystal of stishovite. The margin of this 
grain is amorphous from electron irradiation damage while the center is crystalline and shows 
numerous defects. (d) Garnet with numerous prismatic stishovite crystals. The inset SAED 
pattern is indexed as the garnet [111] zone. Gnt = garnet; St = stishovite.  
Figure 6. Images of FIB 2. (a) SEM BSE image of large poikilitic garnet (Gnt) with numerous 
darker inclusions and several bright inclusions of Fe-sulphide. (b) TEM bright field image of the 
interior of the garnet shown in (a). Inclusions are subrounded to amoeboid-shaped glass (gls).  
Figure 7. Bright field TEM images of FIB 3. (a) The mineral assemblage at the center of the 0.6 
mm wide shock vein comprises garnet (Gnt) + pyroxene (Px) + Fe-sulfide embedded in glass. 
Garnet contains a rod-shaped inclusion of stishovite (St). The stishovite crystal is dark because it 
is diffracting more strongly than the surrounding garnet. The white box shows the location of 
bright field image (b). (b) Close up of stishovite elongated on [001] and viewed along [110], 
showing dipyramidal terminations. Inset convergent-beam electron diffraction (CBED) pattern of 
the stishovite [110] zone axis. (c) Pyroxene grain from which acquired EDX compositional data 
indicate it is a solid solution between jadeite-hedenbergite. (d) SAED pattern of the pyroxene 
grain shown in (c) indexes as the clinopyroxene [350] zone axis.  
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Figure 8. Images of FIB 4 and comparison with olivine decomposition products in Tissint. (a) 
Overview of FIB 4 with olivine on the right and a symplectic intergrowth of two minerals 
(pyroxene + magnetite) on the left. These symplectites correspond to the bright and dark grains 
in BSE images, shown in Figure 4 (FIB 4 location). (b) Bright field TEM image of a fine-grained 
intergrowth of pyroxene and magnetite. The inset convergent-beam electron diffraction (CBED) 
pattern is of magnetite down [1-14]. (c) Bright field TEM image of pyroxene in the symplectite. 
The circle denotes the area from which the SAED pattern in (d) was taken, as well as an EDX 
spot analysis. A d-spacing of 6.47 Å corresponds to 110 of clinoenstatite. (d) For comparison, a 
clast of olivine entrained within a shock melt pocket in the Tissint shergottite, which has 
decomposed to bridgmanite + magnesiowüstite is shown. This shock-induced reaction texture is 
distinct from the olivine  pyroxene + oxide assemblage (a–d) in NWA 8159.  
Figure 9. One-dimensional heat-flow models for a 0.6 mm wide shock vein in NWA 8159 with 
starting temperatures of 2500 K. Each temperature (T) – time (t) curve represents one locality in 
the melt vein or adjacent host rock. The numbers next to the curves annotate the distance 
between the investigated locality and the melt-host rock boundary. Solidus and liquidus 
temperatures of basalt are taken from Hirose et al. (1999). 
Figure 10. (a) Phase diagram for the Mg2SiO4 – Fe2SiO4 system (Fei and Bertka 1991). The 
transformation of fayalite (Fa75) to ahrensite requires pressures >8 GPa and <16 GPa at 1600 
o
C, 
shown by the dashed blue lines. (b) Experimentally-determined phase relations for mid-ocean 
ridge basalt composition up to 27 GPa from Hirose et al. (1998). The Mj + St assemblage in the 
shock vein boundary area suggest crystallization above ~16 GPa. In contrast, the Mj + Cpx + St 
assemblage in the center of the thicker vein (0.6 mm wide) suggests a pressure below 16 GPa. 
One can reconcile this pressure difference by looking at quench rates (Fig. 9). The shock vein 
margin (boundary shared with the host rock) quenches very fast and preserves the early history. 
The vein center quenches more slowly and shows evidence of decreasing pressure during 
crystallization. The starting pressure was therefore ~16 to 18 GPa and the pressure dropped to 
below 16 GPa during the 100 ms required to quench the vein center. Mj = majoritic garnet, St = 
stishovite, Cpx = clinopyroxene, Ca-Pv = Calcium perovskite, Pv = silicate perovskite 
(bridgmanite).  
 
 
 
Table 1. Representative electron microprobe WDS data from olivine, ahrensite and shock vein 
crystallization products.  
Table 2. TEM EDX data for shock vein crystallization products.  
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1 
 
Na2O   bd bd bd bd 1.59 2.04 1.85 1.88 
0.
6   4.61 4.36 4.24 
K2O    bd bd bd bd bd bd bd 
__ __   0.01 0.02 0.03 
Total   
100.1
4 
99.6
0 
99.2
2 
99.7
9 
100.4
5 
99.8
9 
99.8
4 
99.9
4     
100.1
9 
100.2
8 99.74 
                            
O =  4 4 4 4 12 12 12       6 8 8 
Si 0.989 
0.98
9 
1.00
1 
0.98
7 3.484 
3.60
4 
3.57
7       
1.854
1 
2.424
5 
2.412
2 
Ti 0.001 
0.00
1 
___ 
  0.035 
0.03
4 
0.03
4       
0.000
5 
0.000
4 
0.000
0 
Al 0.002 
0.00
3 
0.00
4 
0.00
1 1.223 
1.16
5 
1.19
1       
1.127
0 
1.560
3 
1.558
8 
Cr 0.003 
0.00
1 
0.00
2 
0.00
1 0.010 
0.00
7 
0.00
6       
0.001
0 
0.000
3 
0.000
0 
Fe2+ 1.452 
1.43
1 
1.27
8 
1.31
8 1.628 
1.60
9 
1.60
5       
0.024
9 
0.022
5 
0.018
6 
Mn 0.032 
0.03
1 
0.02
1 
0.01
8 0.039 
0.02
9 
0.03
1       
0.000
5 
0.001
1 
0.000
7 
Mg 0.496 
0.52
3 
0.65
6 
0.64
5 0.512 
0.43
3 
0.41
1       
0.002
7 
0.001
7 
0.000
0 
Ca 0.020 
0.02
1 
0.02
1 
0.01
8 0.829 
0.75
5 
0.80
1       
0.411
1 
0.590
4 
0.606
6 
Na 
___ ___ ___ ___ 
0.240 
0.30
8 
0.27
9       
0.313
8 
0.379
5 
0.372
4 
K 
___ ___ ___ ___ ___ ___ ___ 
      
0.000
5 
0.001
2 
0.001
8 
Total 2.995 
3.00
0 
2.98
3 
2.98
8 8.000 
7.94
4 
7.93
5       3.736 4.982 4.971 
Fo 74.5 73.1 66.0 67.1                   
Garent End Member Recalculation (%)                   
majorit
e         8.6 9.1 9.3             
spessartine       1.3 1.0 1.1             
almandine       41.8 54.3 53.6             
grossula
r         5.9 3.5 5.2             
skiagite         21.2 20.3 18.9             
NaTi garnet       1.8 1.7 1.7             
  
 24 
na = not analyzed, bd = below detection limits (~0.01-0.02 wt%), end member recalculations using 
Locock (2008) 
Avg = average; the number of garnet spot analyses averaged from electron microprobe (EMP) WDS spot 
analyses = 18 
Garnet-SV = garnet crystallized from melt in the shock vein 
Chemical formula for garnet analyses are as follows: garnet-SV 1 = 
(Fe1.62Ca0.83Mg0.26Na0.23Mn0.04)(Al1.22Si0.48Mg0.25Ti0.04Cr0.01)Si3O12 
garnet-SV 2 = (Fe1.61Ca0.75Na0.31Mg0.24Mn0.03)(Al1.16Si0.60Mg0.20Ti0.03Cr0.01)Si3O12 
garnet-SV 3 = (Fe1.60Ca0.80Na0.28Mg0.22Mn0.03)(Al1.19Si0.58Mg0.19Ti0.03Cr0.01)Si3O12 
*EMP WDS data for tissintite, plagioclase and maskelynite in NWA 8159 from Herd et al. (2017) 
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Table 2. Representative transmission electron 
microscopy EDX data. 
     garnet-SV stishovite Px 
  1 avg     
O =  12 12 2 6 
Si 3.36 3.38 0.96 2.03 
Ti nd 0.04 nd nd 
Al 1.30 1.31 0.04 0.33 
Fe2+ 1.54 1.64 0.01 0.73 
Mn 0.04 0.04 nd nd 
Mg 0.61 0.42 nd 0.16 
Ca 0.89 0.83 nd 0.32 
Na 0.37 0.34 nd 0.43 
Total 8.11 8.00 1.01 4.00 
nd = not detected        
TEM EDX data has been normalized to 100.   
Avg = average; the number of garnet spot analyses averaged for TEX EDX 
= 8 
Garnet-SV = garnet crystallized from melt in the shock vein 
 
 
 
